A 7-month-old Balinese cat with progressive neurological dysfunction had histopathological lesions of brain, liver, kidney, spleen, and lung consistent with a lysosomal storage disease. Ultrastructural examination revealed lysosomal hypertrophy with membranous inclusions. Hepatic sphingomyelin and cholesterol were elevated 10 times normal, and total phospholipids were increased 3.6 fold. Sphingomyelinase activity measured with I4C labeled sphingomyelin at pH 5.0 was virtually absent in brain and liver. Other lysosomal hydrolase activities were normal or elevated. Clinical, morphological, and biochemical findings suggest that this cat had sphingomyelin lipidosis similar to human Niemann-Pick disease type A, and that feline sphingomyelin lipidosis provides another model of human lysosomal storage disease.
Sphingomyelin lipidosis is an inherited defect of lysosomal catabolism characterized by reduced activity of sphingomyelinase with lysosomal storage of sphingomyelin and other lipids. In man, this disorder, commonly called Niemann-Pick disease, includes five clinical subtypes which vary in clinical presentation, neurological involvement, and reduction in sphingomyelinase a c t i~i t y .~ Diseases analogous to Niemann-Pick disease have been reported in a poodle dogY6 miceY1Jo and Siamese cats. 21 This report describes a progressive neurological disease in a Balinese cat with lysosomal hypertrophy in multiple organs with accumulation of sphingomyelin and cholesterol, and absence of lysosomal sphingomyelinase activity. Golgi impregnations of central nervous system tissues from this case revealed cell typespecific alterations in neuronal morphology which are reported elsewhere.''
Materials and Methods
A 7-month-old Balinese cat was referred for study because of slowly progressive neurological dysfunction. After clinical examination, the cat was euthanized and a complete necropsy done. Portions of all major organs were fixed in 10% neutral buffered formalin or 3% glutaraldehyde, 2% paraformaldehyde in 0.1 M cacodylate buffer, and processed by routine procedures for examination by light and electron microscopy. Paraffin-embedded and frozen sections of tissues were stained with hematoxylin and eosin (HE), periodic acid-Schiff (PAS), or Luxol fast blue. Portions of brain, liver, spleen, and kidney were frozen (-20 C) for biochemical studies. Lipid and enzyme assays were done in parallel on organs of agehex matched control cats and a Siamese cat with sphingomyelin lipidosis reported previously. 21 Lipid analyses included assays of phospholipids, cholesterol, and gangliosides. Phospholipids and cholesterol were extracted from liver and quantitated as reported previously.21 Gangliosides were extracted from cerebral cortex using hexane-i~opropanol'~ and quantitated by high performance, thin layer chromatography using E. Merck Silica gel 60 high performance plates, developed in chloroform : methanol : water (55 : 45 : 10) with 0.02% CaC1, and densitometry.2
Brain and liver were prepared for measuring lysosomal enzyme activity by homogenizing in 0.1% Triton X-100 with or without 0.05 M NaCl. Sphingomyelinase activity of brain or liver was measured in whole homogenate, and supernatant or pellet after centrifugation at 20,000 x g for 15 minutesI3 using the natural substrate at pH 5.0 or 7.4, with and without ethylenediaminetetra acetic acid and Sphingomyelinase activity was measured using 2-hexadecanoyl-4-nitrophenyl phosphorylcholines or L4C-sphingomyelin20 substrates using methods reported previously. Supernatant from liver homogenate was assayed also for sphingomyelinase, a-L-fucosidase, P-galactosidase, /3-hexosaminidase,18 P-glucoronida~e,~~ a-mannosida~e,~ a-galactosidase,22 and 8-glucosidase. IZ
Results
The cat was fully developed, but was thin and had small testes. He showed marked hindlimb dysmetria and poor hindlimb placing reflex, but had normal righting and forelimb placing reflexes. Head tremor, lateral nystagmus, and pupillary dilation were apparent. He was alert and ate well, but frequently displayed stereotypic chewing behavior when no food was in his mouth. Earliest neurological signs of hindlimb dysmetria appeared at 3 months and progressed slowly.
Lesions found at necropsy were limited to diffuse pale yellowing of liver; small, firm testes; bilateral enlargement of adrenals; and increased firmness of brain.
Light microscopic examination of tissues prepared by routine methods revealed widespread involvement of neurons, reticuloendothelial cells, hepatocytes, lung alveolar cells, and renal epithelium. Histologic ex-amination of brain showed generalized swelling of neurons with pale, granular cytoplasm and marginal displacement nuclei. Most neurons of cerebrum and brainstem were affected while only Purkinje cells showed this change in the cerebellum (Figs. 1,2) . Frozen sections of cerebral cortex stained with periodic acid-Schiff (PAS) revealed no positive staining of intraneuronal inclusions, whereas cerebrovascular endothelial cells and pericytes stained intensely positive. Luxol fast blue stain of brain and spinal cord showed normal myelination. In the spleen, there was diffise reticuloendothelial cell hyperplasia with multiple clear to finely granular cytoplasmic inclusions and nuclei displaced marginally. These cells were very prominent in the red pulp and also were dispersed throughout lymphoid follicles (Fig. 3) . Liver contained swollen hepatocytes with coarsely granular cytoplasm and dispersed foci of hyperplastic and swollen Kupffer cells which also had finely granular cytoplasm ( Fig. 4) . Distal renal tubular cells were swollen and granular. Foci of hypertrophied reticuloendothelial cells with foamy cytoplasm were distributed randomly in the renal parenchyma ( Fig. 5 ). In lung, cells of the septa were distended and finely granular, and there were multifocal aggregations of swollen macrophages in the bronchioles and alveoli ( Fig. 6) . Neurons in autonomic gan-glia near the pancreas were swollen and had granular cytoplasms.
Ultrastructural examination of cerebral cortex, cerebellum, and spinal cord revealed similar changes. Neurons contained large numbers of typical membranous cytoplasmic bodiesi6 ( Fig. 7) and occasional inclusions resembling zebra bodiesI5 ( Fig. 8 ). Heterogeneous inclusions containing various proportions of membranous and vacuolar profiles also were identified occasionally in neurons but were found more commonly in glial cells ( Fig. 9 ). Endothelial cells and adjacent pericytes were commonly packed with large membranous whorls ( Fig. 10) .
Ultrastructural examination of kidney including glomeruli, proximal, and distal tubules, and vascular elements, revealed regional differences in the structure of inclusions. Membranous inclusions similar to those seen in neurons were most common, particularly in cells of glomeruli. Organelles resembling peroxisomes were in proximal tubules, and these often contained wisps or small whorls of membranous lamellae. Within the lumina of proximal tubules, however, typical membranous cytoplasmic bodies were abundant. Distal tubular cells contained either typical membranous cytoplasmic bodies or heterogenous inclusions. Vascular endothelium and pericytes contained large membranous whorls identical to those seen in the central nervous system. Hepatocytes and Kupffer cells contained large numbers of membranous inclusions.
Lipid analysis of liver (Table 1) gomyelin and concomitant reductions in other classes. Total ganglioside content of the brain was increased, and monosialogangliosides GM, and GM,, which are not detected in normal cat brain, were present in relatively high concentration in the Balinese cat brain ( Fig. 11 ) ( Table 2) .
Activities of sphingomyelinase and eight other lysosomal enzymes from liver of the Balinese cat are shown in Table 3 and are compared with data from liver of normal cats and a Siamese cat with sphingomyelin lipidosis. Sphingomyelinase activity measured with I4C labeled sphingomyelin at pH 5.0 was absent in liver of this cat as it was from the Siamese cat with sphingomyelin lipidosis. Sphingomyelinase activity of the Balinese cat liver measured with the synthetic substrate 2-hexadecanoyl-4-nitrophenyl phosphorylcholine produced variable results ranging from 25% to 100% of normal activity. All other lysosomal hydrolases were within the normal range, or in a few cases markedly elevated.
Brain fra~tionationl~ effectively separates lysosomal sphingomyelinase activity (pH 5 .O) from magnesium dependent microsomal sphingomyelinase activity (pH 
7.4).
All fractions of brain from the Balinese and Siamese sphingomyelin lipidosis cats were essentially devoid of lysosomal sphingomyelinase activity ( Table 4) .
Activities of other lysosomal hydrolases in brain homogenate were normal or elevated (data not shown).
Discussion
Clinical, morphological, and biochemical findings suggest that this Balinese cat had sphingomyelin lipidosis with features similar to those described for Siamese cats and Niemann-Pick disease type A of man.
Neurobehavioral signs were relatively mild and progressed slowly despite prominent neuropathologic lesions. In contrast, cats with feline GM, gangliosidosis rarely live to be 6 months old, and cats with feline GM, gangliosidosis are usually recumbent and blind by 10 months of age.3 Some morphological features of the central nervous system are similar to those found in other lysosomal storage diseases, particularly the feline ganglio~idoses.~ However, periodic acidSchiff (PAS) staining of frozen sections revealed some distinct differences. In the present case, neurons were PAS-negative while endothelial cells and pericytes were intensely positive. This histochemical pattern has been described as a feature which distinguished Niemann-Pick disease from Tay-Sachs disease in man.4 Some forms of intraneuronal inclusions are qualitatively similar to membraneous cytoplasmic bodies of the gangliosid~ses.~ However, inclusions in cerebrovascular-associated cells in the Balinese cat were distinctly membranous in nature whereas inclusions in these same cells in feline GM, gangliosidosis are of a nonmembranous, homogenous material. Extensive involvement of lung alveolar cells, reticuloendothelial cells, and renal tubular epithelium appears to be a distinguishing characteristic of the sphingomyelin lipidoses.
Massive accumulation of cholesterol and sphingomyelin in liver with complete absence of lysosomal sphingomyelinase activity provide biochemical defi- 
nition of this disease. Data on lipid content of liver from this case is similar to that found in Siamese cats with sphingomyelin lipidosis. The variable and inconclusive results that we obtained from sphingomyelinase assays using the artificial substrate 2-hexadecanoyl-4-nitrophenyl phosphorylcholine indicates that this assay system is unreliable for diagnosis of sphingomyelin lipidosis in cats. Definitive assay of this hydrolase can be achieved with I4C sphingomyelin using the conditions reported.20
Presence of abnormally high concentrations of GM, and GM, gangliosides in brain of this case is consistent with findings in other cases of human and feline sphingomyelin lipidosis,21 but the mechanism for this change remains unexplained.
While this is only the second report of feline sphingomyelin lipidosis supported by complete biochemical confirmation of lysosomal enzyme deficiency, presumptive diagnosis of similar diseases have been reported in a Siamese' and a mixed breed cat." The latter case suggests that this mutation is not linked to the partial albino coat color of Siamese and Balinese breeds.
No data are available from the present case to determine inheritance pattern of this trait. The absence of sphingomyelinase activity in tissues of the Balinese cat, together with massive accumulation of sphingomyelin and cholesterol suggests a close analogy with human Niemann-Pick disease type A.5
